Rocky Planetesimal Formation via Fluffy Aggregates of Nanograins by Arakawa, Sota & Nakamoto, Taishi
ar
X
iv
:1
61
1.
03
85
9v
1 
 [a
str
o-
ph
.E
P]
  1
1 N
ov
 20
16
Draft version October 4, 2018
Preprint typeset using LATEX style AASTeX6 v. 1.0
ROCKY PLANETESIMAL FORMATION VIA FLUFFY AGGREGATES OF NANOGRAINS
Sota Arakawa 1 and Taishi Nakamoto
Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Meguro, Tokyo, 152-8551, Japan
1e-mail: arakawa.s.ac@m.titech.ac.jp
ABSTRACT
Several pieces of evidence suggest that silicate grains in primitive meteorites are not interstellar grains
but condensates formed in the early solar system. Moreover, the size distribution of matrix grains in
chondrites implies that these condensates might be formed as nanometer-sized grains. Therefore, we
propose a novel scenario for rocky planetesimal formation in which nanometer-sized silicate grains are
produced by evaporation and recondensation events in early solar nebula, and rocky planetesimals are
formed via aggregation of these nanograins. We reveal that silicate nanograins can grow into rocky
planetesimals via direct aggregation without catastrophic fragmentation and serious radial drift, and
our results provide a suitable condition for protoplanet formation in our solar system.
Keywords: Earth — meteorites, meteors, meteoroids — minor planets, asteroids: general — planets
and satellites: formation — planetes and satellites: terrestrial planets — protoplanetary
disks
1. INTRODUCTION
The standard scenario for planet formation is based on
the planetesimal hypothesis, however, the process that
caused submicron-sized interstellar dust grains to evolve
into kilometer-sized planetesimals is not yet understood,
especially for rocky planetesimals. This is because there
are several “barriers” for planetesimal formation, e.g.,
the fragmentation barrier (e.g., Blum & Mu¨nch 1993)
and the radial drift barrier (e.g., Weidenschilling 1977).
To avoid these barriers, several mechanisms have been
proposed to explain how dust aggregates grow into plan-
etesimals, e.g., gravitational instability of a dust layer
(e.g., Goldreich & Ward 1973), and self-gravitational
collapse caused by the two-fluid streaming instabil-
ity of solids and gas (e.g., Youdin & Goodman 2005;
Taki et al. 2016). Nevertheless, the pathway of rocky
planetesimal formation is still unknown. This is because
these mechanisms require meter-sized (or much larger)
dust aggregates, and it is difficult for silicate dust to
form such large aggregates. In addition, even if meter-
sized dense dust aggregates are formed from submicron-
sized interstellar dust grains, these aggregates would
likely suffer serious radial drift.
Okuzumi et al. (2012) and Kataoka et al. (2013a) re-
vealed that icy planetesimals can be formed via direct
aggregation of fluffy icy aggregates in contrast to rocky
planetesimals. If silicate dust aggregates can also grow
with high porosity, and if these aggregates can survive
high-speed collisions in a turbulent disk, then rocky
planetesimals may also be formed via direct aggrega-
tion.
If the building blocks of rocky planetesimals are
submicron-sized interstellar dust grains, and rocky
planetesimals are formed from submicron-sized silicate
grains directly, then there are many severe problems
for planetesimal formation, including the fragmentation
barrier and the radial drift barrier. However, these bar-
riers can be broken if the building blocks are nanometer-
sized grains. This is because the critical collision veloc-
ity for catastrophic disruption depends on the size of
monomers (Dominik & Tielens 1997), and the critical
velocity increases when dust aggregates are constituted
by nanograins. The porosity of dust aggregates may
also increase when the monomers of these aggregates
are nanometer-sized grains.
Several lines of evidence suggest that silicate grains in
meteorites are not the same grains found in the inter-
stellar medium; instead, they were formed via the vapor
phase. From the point of view of isotopic composition,
almost all dust grains in our solar system are isotopi-
cally homogeneous for most elements, including silicon
(e.g., Chakrabarti & Jacobsen 2010a) and magnesium
(e.g., Chakrabarti & Jacobsen 2010b), but not for some
volatile elements such as nitrogen (e.g., Fu¨ri & Marty
2015). These facts suggest that almost all silicate grains
in our solar system have experienced evaporation at least
once, and that they were formed via condensation from
the vapor phase in the early solar nebula. In addition,
2infrared spectra of cometary comae in our solar system
and circumstellar disks around other young stars also
suggest that most of silicate and organic dust grains
in protoplanetary disks are not altered interstellar dust
grains but the reincarnated ones (Kimura 2013). Then
it is likely that the size of building blocks of rocky plan-
etesimals is different from the size of interstellar dust
grains.
We could obtain the information of monomer size
by observations of primitive meteorites and interplan-
etary dust particles (IDPs). Toriumi (1989) observed
the size distribution of matrix grains in the Allende
CV3.2 chondrite, and it was revealed that the peak
of the size-frequency distribution is located at 5 nm
in diameter. Glass with embedded metal and sulfides
(GEMS) grains in IDPs, which are regarded as non-
equilibrium condensates formed in the early solar neb-
ula, dominantly contain 5–50 nm-sized kamacite and
Fe-Ni sulfide grains in an amorphous silicate matrix
(e.g., Keller & Messenger 2011). Most GEMS grains
also show highly heterogeneous elemental distributions
in chemical maps at similar scale, then, these GEMS
grains might be aggregates of nanometer-sized distinct
subgrains (Keller & Messenger 2011).
Although the size distribution of matrix grains in Al-
lende meteorite seems to have a power-law tail ranging
to 10 µm, this broadening of the size distribution might
not represent the nature of monomers but reflect the
impact of asteroidal metamorphism. Toriumi (1989) re-
ported that micron-sized grains show the sintered mi-
crostructure but nanometer-sized grains display little
evidence of sintering. Ashworth (1977) measured the
size-frequency distribution of ordinary chondrites whose
metamorphic grades are different, and revealed that the
size of matrix grains clearly shows the effect of grain
growth by asteroidal metamorphism. Furthermore, the
theory of Brownian coagulation predicts that the initial
size distribution of condensates must be very approx-
imately log-normal (e.g., Friedlander & Wang 1966).
Then, the initial size frequency of matrix grains might
have a peak at several nanometers not only for the num-
ber but also for the mass and for the binding energy.
Therefore, we must test a scenario in which the build-
ing blocks of rocky planetesimals are not submicron-
sized interstellar dust grains but nanometer-sized grains
formed via evaporation and condensation of silicate
dust.
We notice a bow shock produced by an icy plan-
etesimal revolving in a highly eccentric orbit in the
early solar nebula (e.g., Nagasawa et al. 2014) as a pos-
sible site of nanograin formation. Planetesimal bow
shocks can evaporate submicron- and even micron-
sized silicate grains completely behind shock fronts
(Miura & Nakamoto 2005). In addition, planetesimal
bow shocks can produce nanometer-sized grains via re-
condensation of silicate grains (Miura et al. 2010). The
radius of grains formed by condensation of evaporated
silicate dust is roughly proportional to the density of
evaporated dust and the cooling timescale of evapo-
rated dust (Yamamoto & Hasegawa 1977). Therefore,
not only planetesimal bow shocks but also other short-
timescale heating events in the solar nebula (e.g., light-
ning discharge in protoplanetary disk; Muranushi 2010)
have the potential to form nanograins.
In this study, we assume an initial condition in which
all the dust grains in the inner region of the solar neb-
ula are nanometer-sized monomers, for simplicity. Of
course, in reality, at least some grains have not experi-
enced evaporation and recondensation in the solar neb-
ula, and they may be called presolar grains; however,
the abundance of presolar grains is very low. This situ-
ation can be realized when all the silicate grains in the
inner region of the solar nebula are evaporated by heat-
ing events such as planetesimal bow shocks. We confirm
that not only icy aggregates but also rocky aggregates
break the fragmentation barrier if the rocky aggregates
are composed of nanometer-sized grains. We also cal-
culate how much the dust aggregates constructed from
nanograins are compressed in the solar nebula, and in-
vestigate whether the growth is rapid enough to over-
come the radial drift barrier by comparing the timescales
of growth and radial drift.
2. MODEL
We assume the minimum mass solar nebula (Hayashi
1981). The gas surface density Σg and the dust sur-
face density Σd are Σg = 1700(R/1 au)
−3/2 g cm−2 and
Σd = 7.1(R/1 au)
−3/2
g cm−2, respectively, where R is
the distance from the Sun. The temperature profile is
280(R/1 au)
−1/2
K, and the H2O snowline is located at
2.7 au in the adopted disk model.
The motion of dust aggregates in the gas disk is in-
duced by Brownian motion, radial drift, azimuthal mo-
tion, and turbulence. Here we use the analytic formula
for Kolmogorov turbulence (Ormel & Cuzzi 2007). The
timescale of the largest eddies tL is tL = ΩK
−1, where
ΩK is the orbital angular velocity, and the timescale of
the smallest eddies tη is tη = Ret
−1/2tL, where Ret is
the turbulent Reynolds number (Cuzzi & Hogan 2003).
We assume that the radius of nanograins a0 is a0 =
2.5 nm; then, the rolling energy Eroll = 6pi
2γa0ξ =
1.1 × 10−11 erg, where γ = 25 erg cm−2 is the surface
energy of silicate dust, and ξ = 0.3 nm is the critical dis-
placement (Wada et al. 2007). The critical displacement
ξ has an uncertainty from 0.2 nm to 3.2 nm (Heim et al.
1999), and we assume ξ = 0.3 nm in this study.
For simplicity, we do not consider the mass and den-
sity distribution of aggregates in this study. The valid-
3ity of using this approximation is ensured by numerical
simulations that considered the size distribution of dust
aggregates (e.g., Okuzumi et al. 2012). Additionally, we
assumed that even if the stopping time of aggregates ts is
shorter than the timescale of the smallest eddies tη, the
collision velocity induced by turbulence is not zero, as
expected based on the formula given by Ormel & Cuzzi
(2007), but one-tenth the turbulence-induced relative
velocity between the dust aggregate and gas, considering
that dust aggregates have mass and density distribution
in reality (e.g., Okuzumi et al. 2011).
We calculate the denisity evolution of dust aggregates
by considering (i) the hit-and-stick of two colliding ag-
gregates without compression, (ii) collisional compres-
sion caused by high-speed collisions, (iii) static compres-
sion caused by the ram pressure of the disk gas, and (iv)
static compression caused by self-gravity.
The structure of dust aggregates formed by hit-and-
stick growth is highly porous, and the fractal dimension
of these aggregates is approximately two. The density of
aggregates formed by hit-and-stick growth ρhit is given
by
ρhit =
(
3
5
)3/2
N−1/2ρ0, (1)
where N ≥ 2 is the number of monomer nanograins in
an aggregate, and ρ0 = 3 g cm
−3 is the material density
of silicate dust (e.g., Wada et al. 2008). The density
decreases with the mass of the power of −1/2 when dust
aggregates grow by hit-and-stick.
When the impact energy of two colliding aggregates
Eimp reaches the rolling energy Eroll, the dust aggregate
formed by collisions has a higher density than that of an
aggregate formed by hit-and-stick growth. The density
of aggregates compressed by collision ρcol is given by
ρcol =
(
Eimp
bEroll
)3/10
ρhit, (2)
where b = 0.15 is a dimensionless constant obtained by
numerical simulations (Wada et al. 2008). The impact
energy of two equal-mass aggregates Eimp is Eimp =
(1/8)m∆v2, where m is the total mass of the two ag-
gregates, and ∆v is the collision velocity. We assume
that ∆v is the root sum square of Brownian motion and
turbulence motion.
The equilibrium density of a dust aggregate formed by
static compression is given by Kataoka et al. (2013b).
We consider the sources of the static compression to be
the ram pressure of the disk gas and the self-gravity
of the large aggregate. The equilibrium density of gas
compression ρgas is given by
ρgas =
(
a0
3
Eroll
mv
pir2ts
)1/3
ρ0, (3)
where r is the radius of the aggregate, and ts is the
stopping time (Kataoka et al. 2013a). We use the gas
drag law derived by Weidenschilling (1977) to obtain the
stopping time ts. The rolling energy Eroll is proportional
to the critical displacement ξ, and the uncertainty of the
dust density derived from the uncertainty of ξ is minor
because the equilibrium dust density is proportional to
only Eroll
1/3.
Similarly, the equilibrium density of self-gravitational
compression ρgrav is given by
ρgrav =
(
a0
3
Eroll
Gm2
pir4
)1/3
ρ0, (4)
where G is the gravitational constant (Kataoka et al.
2013a). The equilibrium density of self-gravity com-
pression is independent of the disk properties, and once
the gravitational compression is effective, the density in-
creases with the mass of the power of 2/5.
3. RESULTS
In this study, we calculate the pathways of dust ag-
gregate growth in mass-density space. In addition, we
investigate whether the growth of aggregates is rapid
enough to avoid the radial drift barrier by compar-
ing the timescales of growth tgrow and radial drift
tdrift. The timescale of growth tgrow is defined as
tgrow = m/
(
pir2ρd∆v
)
, where ρd = Σd/
(√
2pihd
)
is
the spacial mass density at the midplane, and hd is
the dust scaleheight. The dust scaleheight hd is given
by Youdin & Lithwick (2007). The timescale of radial
drift tdrift is defined as the orbital radius divided by the
radial drift velocity. We expect that dust aggregates
can grow without significant radial drift if the condi-
tion tgrow < (1/30)tdrift is satisfied, which is obtained
by numerical simulations (Okuzumi et al. 2012).
At first, we confirm whether the maximum colli-
sion velocity ∆vcr satisfies the condition for growth
without serious fragmentation. The maximum colli-
sion velocity ∆vmax is ∆vmax ≃
√
αcs, where cs =
9.9 × 104(r/1 au)−1/4 cm s−1 is the sound velocity
(Ormel & Cuzzi 2007). The critical velocity for catas-
trophic disruption ∆vcr is ∆vcr ≃ 6 × 102 cm s−1
when the radius of the monomer is 100 nm (Wada et al.
2009). The monomer size dependence of the critical ve-
locity is ∆vcr ∝ a0−5/6 (Dominik & Tielens 1997). Al-
though there are no experiments on collision and growth
of dust aggregates constructed from nanometer-sized
monomers, we extrapolate this relation for evaluating
the critical velocity in this study. By using these val-
ues, we calculate the critical monomer radius for catas-
trophic disruption as 14 nm for the case of α < 10−3
and r = 1 au, by considering the given requirement,
∆vcr ≥ ∆vmax. Therefore, by considering the aggrega-
tion of nanograins, dust aggregates can evolve without
4catastrophic disruption in our calculation.
We now discuss whether dust aggregates can overcome
the radial drift barrier. Figure 1 shows that the path-
ways of the dust aggregates at 1 au and 2.2 au over-
come the radial drift problem. We select the orbital
radii R = 1 au and R = 2.2 au because the distance
from the Sun to Earth is 1 au and the distance from
the Flora family asteroids, which are considered as con-
vincing candidates for being the parent bodies of L-type
ordinary chondrites (Nesvorny´ et al. 2002), is approxi-
mately 2.2 au, respectively. We assume the alpha pa-
rameter α associated with the strength of turbulence
(Ormel & Cuzzi 2007) is α = 10−4 for Figures 1a and
1b, and α = 10−3 for Figures 1c and 1d. Here, we use an
approximation stating that the dust aggregates do not
have mass distribution. The growth pathways at 1 au
are plotted in Figures 1a and 1c, and the pathways at
2.2 au are plotted in Figures 1b and 1d.
For all the cases, our calculations show that the equi-
librium density of statistic compression is higher than
the density obtained by collisional compression. There-
fore, we initially obtained the pathways of dust growth
from (i) fractal growth via hit-and-stick aggregation,
then from (iii) gas compression, and finally from (iv)
self-gravity compression. We show that the revealed
pathways overcome the radial drift problem whether the
turbulence is weak (α = 10−4) or strong (α = 10−3).
We only show the results of the rocky planetesimal for-
mation in the minimum mass solar nebula in Figure 1,
however, it is also possible to form planetesimals in more
massive disks. Furthermore, even if the dust density of
the disk is lower than that of the minimum mass so-
lar nebula, rocky planetesimals might be formed around
1 au.
We also plot the temporal evolution of the mass and
the density of aggregates in Figure 1. The triangles
and circles represent the starting conditions of gas com-
pression of dust aggregates, ρhit = ρgas, and the start-
ing conditions of runaway growth, ∆v =
√
Gm/r, re-
spectively. Our calculations reveal that dust aggregates
would initially compress within a year (for 1 au) or a
few decades (for 2.2 au) and kilometer-sized rocky plan-
etesimals might be formed within several tens of thou-
sands of years after nanograin formation. In addition,
during planetesimal formation, dust aggregates exist for
most of the time as aggregates in which ΩKts ≪ 1 and
m≪ 1010 g.
Our results suggest that what we can observe in pro-
toplanetary disks are not monomer grains but large
and fluffy aggregates because the timescale of growth
is extremely short when aggregates are smaller than
1 µm. Since fluffy dust aggregates are readily stirred
up to the surface layer of protoplanetary disks, they
may affect the visible/near-infrared scattered light im-
age. Mulders et al. (2013) have shown that the faint and
asymmetric brightness of total intensity of HD 100546
with the Hubble Space Telescope indicate that large
dust grains exist at the surface layer. In addition,
Stolker et al. (2016) showed that large dust grains in the
surface layer might have an aggregate structure which
prevents them from settling efficiently towards the mid-
plane. Although constraint on the monomer size from
observations is still challenging, we could estimate the
monomer size by considering more accurate light scat-
tering formulae of fluffy dust aggregates proposed by
Tazaki et al. (2016). This radiative transfer model for
fluffy dust aggregates suggests that a disk scattered light
observation can be presumably explained by fluffy aggre-
gates composed of nanometer-sized monomers (Tazaki
et al., in prep., personal communication).
In the final stage of aggregation, the runaway growth
of planetesimals begins when the escape velocity from
very large dust aggregates exceeds the collisional veloc-
ity of these dust aggregates (e.g., Wetherill & Stewart
1989; Kobayashi et al. 2016). Our calculations reveal
that the runaway growth starts when the dust aggre-
gates become as massive as the order of 1016 g. This
suggests that terrestrial (proto)planets might be formed
from small (r . 10 km) planetesimals. This result is
consistent with the conclusion of Kobayashi & Dauphas
(2013), which insists that Mars was formed from plan-
etesimals smaller than 10 km in radius, to explain its
small mass and rapid formation timescale obtained from
182Hf–182W chronometry.
4. CONCLUSIONS
Mineralogical and cosmochemical evidence suggest
that silicate grains in meteorites are not interstellar
grains but condensates formed via evaporaion of dust
in the early solar nebula. In addition, the condensates
might have originally been nanometer-sized grains, ac-
cording to the size distribution of matrix grains in prim-
itive chondrites. Therefore, we propose a new scenario
in which rocky planetesimals in our solar system were
formed by aggregation of nanometer-sized grains, and
these nanograins are produced via evaporation and re-
condensation of dust.
We showed that rocky planetesimals can be formed at
1 au, the distance from the Sun to Earth, and 2.2 au,
the distance from the Sun to the Flora family aster-
oids (which are probably one of the origins of ordi-
nary chondrites), via direct collisional growth of sili-
cate nanograins. In addition, this scenario will pro-
vide a suitable distribution of rocky planetesimals for
(proto)planet formation.
Although there is some evidence suggesting that sili-
cate grains in meteorites are not interstellar grains but
condensates formed via evaporation processes, no one
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Figure 1. Pathways of rocky planetesimal formation in the minimum mass solar nebula. The black lines show the evolutional
tracks through dust growth via hit-and-stick without compression. The blue and red lines represent dust aggregation with gas
compression and self-gravity compression. The solid lines (black, blue, and red) show that dust aggregates evolve with orderly
growth, and dashed lines (red) represent the runaway growth. The triangles, squares, and circles mark the sizes for which
ρhit = ρgas, ΩKts = 1, and ∆v =
√
Gm/r, respectively. The pink shaded regions indicate where the timescale of radial drift is
less than the timescale of growth. (a): for R = 1 au and α = 10−4. (b): for R = 2.2 au and α = 10−4. (c): for R = 1 au and
α = 10−3. (d): for R = 2.2 au and α = 10−3.
knows how these nanograins were formed in our solar
nebula, and how the grain growth and solid-state recrys-
tallization change size-frequency distributions of matrix
grains from log-normal distributions to power-law dis-
tributions. We will address these issues in future work.
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